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Abstract
Radiation detectors are important for a variety of fields including medical imaging, oil
drilling, and nuclear security. Within nuclear security, they can serve a multitude of
purposes whether that be imaging, localization, isotopic identification, or even just
activity measurement. Without directly seeing a nuclear material it is often not possible
to discover its existence without a detector. Scintillators make up an important part
of these detectors due to their large intrinsic efficiency, low cost, large volume, and
relatively low upkeep. Due to the importance of the large number of purposes these
scintillators may be used for, it can often be difficult to find a suitable material for use
in new detector design among those that are already produced. This can lead to the
need for investigation into new materials and designs to accommodate the needs. In
this dissertation, two such scintillator studies including the process of fabricating and
characterizing them are discussed.
The first scintillator investigated is cesium hafnium chloride, which has recently
shown promise as a high performance scintillator. The properties of this scintillator
are investigated to better understand how growth parameters effect the performance
of the final product for use in isotope identification through gamma ray spectroscopy.
Findings are presented on the effects of inclusions found within the crystal as well as
methods which may be able to reduce the effects of the reduction in light collection
cause by the inclusions. Through novel material synthesis methods and high thermal
gradient, improvements are shown in the energy resolution of large diameter crystals.
The second portion of this dissertation discusses the design of thin activated layer

v

scintillators for use as alpha detectors in associated particle imaging. First generation
designs of these detectors are investigated using three different production methods,
each with a different material.

In order to investigate the performance of these

scintillators a characterization system was designed to assess the expected performance
of an associated particle detector coupled to a D-T generator. The results of the three
methods used including the timing resolution for each of the methods are shown.
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Chapter 1
Research Background
Since the discovery of the X-ray by Wilhelm Conrad Roentgen in November 1885 [15] and
the discovery of spontaneously produced radiation from Uranium by Henri Becquerel
in 1896 [16], there has been a need for continuously improved detectors. Not long
after, in 1903, Sir William Crookes accidentally developed the first scintillation detector
using ZnS [17]. Since then, there has been a significant improvement in the quality
of available scintillators and our understanding of how they work. By continuing to
better the quality of scintillators available, we will be able to further the development
of nuclear medicine, nuclear physics, high-energy physics and other fields [18]. Due
to the nature of this sequential progress, it is important to better understand the
physics behind their operation and engineer the best possible scintillator for a given
application. This leads to a cycle process of determining an area of most need in an
application, developing a scintillator to fill the need, and reassessing whether the needs
have changed based on any improvements made. This dissertation is predominantly
focused on material development with consideration for how the needs change, and
explores where improvements can be made with developments in applications and
measurement.
Let it be noted that this work mainly focuses on understanding inorganic scintillators. While other types of detectors, and scintillators, exist it was determined that

1

inorganic scintillators was a suitable material class for further investigation. Therefore,
the background will be given from the point of view of these materials unless otherwise
stated.

1.1 Scintillation Mechanisms
First,we should consider the mechanisms by which scintillation happens in order to
understand in what ways it may be modified. It is important to understand that there are
two groups in to which these scintillation mechanisms may be categorized for comparison. These groups focus on what type of discontinuity in the scintillator produces the
site for charge collection and light production [18, 19]. In many cases these mechanisms
will coexist within the same material, especially when careful consideration is not put
into their definitions, but in general one will dominate the light production. These
classes are self-activated and extrinsically scintillators. These mechanisms may be
further divided into several different processes including: e-h recombination; free,
self-trapped, and defect-trapped exciton luminescence; constituent transition group or
post-transition group ion fluorescence; or charge transfer transition, as occurs in many
organic scintillators [20]. In each case, electrons and holes created by ionizing radiation
are attracted to each other through coulombic forces to form excitons with binding
energies less than approximately 60 meV, which at low temperatures are usually bound
to impurities or defects within a lattice [21]. The radiative decay of these electrons and
holes in elevated energy states are the source of scintillation light.

1.1.1 Self-Trapped Exciton
In the case of self-trapped excitons, the radiative lifetime is increased from around
10−9 s to 10−6 s. This is caused by the exciton being formed by a trapped hole with
a corresponding lattice relaxation and a diffuse electron which does not require a
paired spin. The forbidden spin transition results in the increased decay time. Some
2

examples of these types of materials are NaI, CsI, and BaF2 [20, 22]. For luminescent
species in a crystal, recombination may occur between corresponding electron states
in a constituent of the lattice. This is not specific to this mechanism, but the fact that
scintillation usually is a result of lattice relaxation instead of the addition of an individual
atom results in the luminescent center being a constituent of the crystal by definition.
Again, due to spin restrictions, low temperatures result in long decay times. When
temperature is increased, luminosity is reduced due to quenching effects along with
decay time which is reduced due to its Arrhenius nature [20]. While this trend is not
only seen in this mechanism, the deep slow nature of the traps makes it more apparent.

1.1.2 Extrinsically Activated
Next, there are extrinsically activated scintillators in which the luminescence center is
caused by a dopant such as thallium, cerium, or europium [18]. In this scintillation
mode, a sequential capture of a hole followed by an electron or vice versa is required.
This means that corresponding luminescence times are correlated to the migration rate
of both electrons and holes. Slow migration rates can correspond to slow rise times such
as in CsI:Tl and NaI:Tl [20]. By altering the dopant and the scintillator to form a proper
combination, it is possible to get better decay rates, refractive indexes, and emission
wavelengths. Some of the best examples of this are CsI:Tl and LaBr:Ce [20].

1.1.3 Core-Valence
The third class of luminescence in scintillators is known as core-valence luminescence.
Although this is really a subclass of self activated materials, it is often viewed as a
third class. This is due to the process involving electrons from deeper orbitals instead
of the valence electrons as usual. This process is characterized by valence electrons
from one atom filling a hole created in the upper core level of another atom. This
lack of dependence on migration speeds results in faster recombination times, on the
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order of a nanosecond, but the complex efficiencies results in lower luminescence. In
some examples, this fast recombination is significant enough to produce useful timing
resolution despite the low number of photons produce. Examples of this sort are BaF2,
CsF, and RbCaF3. [18]

1.2 Scintillation Processes
Recombination and luminescence are only part of the entire scintillation process. The
above classes only explain one step of the process, while ignoring the other steps
because they are essentially the same for all scintillators. While this can dominate
many properties of a scintillator, more complex properties that vary within each of these
classes of scintillator require a deeper and more specific knowledge of the scintillation
process. Ideally each free electron produced would produce a photon and this process
would happen instantaneously upon interaction. It is then important to understand
what parts of this process create variance in these steps and how we can minimize them.

1.2.1 Ionization
The first of these steps is ionization. In this step the scintillator crystal converts the
energy of radiation into kinetic energy of charged particles within the lattice. For these
processes it is often assumed that the energy is transferred to electrons for the energy
range important to isotope identification. At higher energies it is possible for the energy
to be deposited in the nucleus [23]. In general, this process occurs in all crystals and
therefore does not dictate whether or not that crystal is a scintillator [18]. At this point
all or part of the energy of the initial radiation may be transferred to the lattice at any
step. These processes include photoelectric absorption, Compton scattering, elastic
and inelastic scattering of particles, pair production, etc. [23]. In this stage, the initial
charge is distributed to other electrons. This can be done through coulomb forces, auger
processes, and inelastic electron-electron scattering. This dispersion of energy from an
4

initial electron, sometimes called a beta ray, to secondary electrons usually takes about
10−15 to 10−13 seconds [20]. The energy needed to produce one electron hole pair is on
average about three times the energy of the band gap [18]. The equation used to find the
number of electrons produced in this process can be calculated by the equation below:

n = E γ /βE g
where n is the number of electron hole pairs produced, E γ is the energy of the incident
gamma, E g is the energy of the bandgap of the particular crystal, and β is a coupling
factor for energy loss to phonons within the crystal [3]. According to just this equation,
scintillators with the smallest band gap have the highest theoretical light yield. Unfortunately, materials with such band gaps, also tend to have increased probability for trap
induced quenching, re-absorption, and photo-ionization [3].
It is significant to include a sub step here. At this point the crystal lattice can begin to
relax due to this ionization. This relaxation is a slight shift in the position of atoms within
the lattice to re-balance potential charge energy. This change in energy is on the order of
1 eV for certain scintillators. This is significant due to the fact that these relaxation points
are also common traps for holes[18], as well as being the cause of other phenomena such
as stokes shift.

1.2.2 Diffusion
The next step in the process is diffusion of the carriers, electrons and holes, through
the medium. This process along with the first are often described as a cascade due to
the chain like effect creating a cloud of electrons with varying charge density across the
cloud. Holes on the other hand quickly move to activation points where they become
trapped. These are preferential positions for the holes due to energy of the activator or
impurity being located at a lower value in the forbidden zone [23]. These self-trapped
holes essentially become part of a covalent bond within the relaxed crystal. This means
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that the holes must overcome and break this bond to become mobile. When holes are
immobile they limit the rise time of the charge collection for the scintillator. Examples
of this include NaI:Tl and CsI:Na and have rise times on the order of 10 ns [18]. The
electrons are free to migrate around until they reach a hole and find an exciton. This is
due to their elevated energy’s location in the conduction band away from the atoms in
the valence band [18]. Not all of these excitons are formed at traps, free excitons also
form due to columbic forces between electrons and holes. This step of diffusion and
formation of excitons generally take on the order of 10−12 to 10−11 seconds [20].

1.2.3 Collection
The next step is the capture of the exciton. As mentioned above this can be done in two
ways. The first is sequential capture. This is where a hole is captured at an activator or
defect until an electron is able to rejoin it and they can annihilate each other. It is often
important for a scintillator to preferentially capture either an electron or a hole more
often in order to luminescence quickly and efficiently. This is because if both have equal
probability for capture, the high concentration of trap locations compared to holes and
free electrons would mean it is less likely for a hole and electron to be captured on the
same trap [18]. It is also possible for free excitons to form and then be captured or selfannihilate [23].
The light production from deexcitiation of these collection can then be described
by one or more exponential rise times followed by one or more exponential decays.
Depending on the application the rise time may be treated as instantaneous if the
decay time is significantly longs such as in many extrinsically activated metal halide
scintillators. For modeling and fitting purposes, the shape of these pulses can be
describe by the equation [24]:
X
i

P ec,i

1
− t
− t
× [e τd ,i − e τr,i ]
(τd ,i − τr,i )
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For this equation t is the amount of time that has passed since creation of the electron
cloud and therefore may only be evaluated at times greater than zero. P ec represent the
probability that the it h recombination process will occur and τ represents the timing
constants for the rise and decay time of the scintillator. These rise and decay times must
be measured experimentally along with the probability.

1.3 Scintillator Properties
There are many properties which effect scintillator performance. These include light
yield, intrinsic efficiency, effective Z, and scintillation center density [25]. Some of
these, such as light yield, are standards that result from other physical processes
in the crystal. In the light yield example, it is a function of bandgap and phonon
losses as explained above. Other properties, such as crystal density are more directly
manipulated by the synthesizer of the scintillator. By understanding the manipulation
of these independent variables, we can develop scintillators which are able to better
perform at their specific application. Often these relationships are more complicated
than just a simple equation. For example, efficiency is directly related to density, but
density is not always simply controlled by addition of higher Z or denser elements due
to its dependence on lattice structure. Since most performance variable are in some
way related to crystal lattice, and crystal lattice parameters for a large numbers of atoms
can be time consuming, modeling and accurate calculation of these can be difficult.
For example, Derenzo et al. uses a cluster of 45 atoms with only 11 dynamic sites to
calculate trapping energies of holes in CsI. These calculations took around 300 hours of
processing time for a single temperature and pressure [18].
It is then important to first understand what the dependent variables we are trying to
manipulate are and what mechanisms cause them to become improved or degraded. As
there are many of these, the importance of each often varies with application. While this
work does not include an exhaustive list, those of which are often of higher importance
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have been included. The list below is largely assembled from sources [18] and [25]. It
is important to note that many of these properties are not independent of the others.
Some of these variables are:
• High Efficiency
• Energy Resolution
• High Signal to Noise ratio
• Short decay time
• Short or no Afterglow
• Radiation Hardness
• Low Temperature dependence
• Proper Mechanical Properties
• Low cost

1.3.1 Detector Efficiency
High efficiency is important for any radiation detection application where there are low
count rates to begin with. For most cases, this comes down to three main mechanisms
that can be found directly from the attenuation equation given as [23]:
µ
I
− ρt
=e ρ
I0

where I is intensity after attenuation, I 0 is the intensity after attenuation,

µ
ρ

is the

constant known as the mass attenuation coefficient, ρ is the density of the material, and
t is the thickness of the attenuator. The first and “simplest” to manipulate is t, which
relates to the total volume of the detector. This is often restricted by cost, difficulty to
produce homogeneous large detectors, or limited space and mobility needed for a given
application. The next variable that can be altered is the mass attenuation coefficient.
Often this means just choosing high Z components for your scintillator as they have a
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Figure 1.1: A comparison of the mass attenuation factor, µ, of several common
scintillators as shown by Lecoq et el.[3]

9

Table 1.1: A table of scintillators assembled by Ogawa et el along with several properties
that are important to radiation detection including density or ρ.[1]
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higher interaction cross section for gammas. At lower energy (<100keV) it may become
important to pay attention to transitions in electron energy levels, especially the k and l
edge as they can alter the attenuation coefficient by an order of magnitude. In order to
illustrate the effect of electron edges on the attenuation length of a scintillator, we can
look at how the absorption cross section changes with energy in these regions. This can
be seen in figure 1.1
The last way to alter intrinsic efficiency is to alter the density of the scintillator. This
can be done by incorporating heavier atoms into your crystal lattice or increasing the
atom density of the crystal lattice. The first just means incorporating high Z atoms into
your composition. This result can be seen when comparing CsI and NaI, which have
the same structure and only vary in composition. The second method is evident when
comparing metal halides to oxides. The change from typically simple cubic to closer
packed structures results in higher density for these crystals.
Even while only focusing on efficiency there are several contributing factors which
are not completely independent of each other. Picking the most efficient structure will
limit the number of compositions you can choose from. These compositions may then
limit the maximum size of the crystal which is reasonably producible. A few materials
which are currently used for detection are shown in table 1.1. Due to variations in
needs the density, radiation length, and structure vary significantly between different
applications.

1.3.2 Scintillation Energy Resolution
Another variable that is often of concern for scintillators is light yield, which is related to
energy resolution. This is due to the statistical nature of the charge collection process.
In this way, statistical factors are proportional to the number of photons produced to the
one half power. As discussed earlier, the number of photons produced is related to both
bandgap and losses due to thermal quenching. This generally means that scintillators
with smaller bandgaps have larger light yields, but these materials also tend to have a
11

higher likelihood of trap induced quenching, scintillation light reabsorption, and photoionization of luminescence centers, which all lead to a drop in the light yield of the
scintillator [11]. This trend of light yield being correlated to bandgap can be seen in
figure 1.2
Traps within scintillators are known to affect light yield in several ways. Besides
trap induced quenching, traps can lead to longer decay times in scintillators, which can
ultimately lead to some of the light not being emitted during the integration time of
the detector. The process of excitation and emission along with intermediate trapping
can be seen in figure 1.3 The result is a simulated lower light output and often afterglow
which can lead to excessive background. It is also important to keep in mind that traps
are often intentionally put into materials through doping in order to induce scintillation.
The main difference between unwanted traps and wanted traps is their effect on the
scintillation process with respect to other traps in the system. It is possible to reduce
this quenching effect by lowering the temperature at which the scintillator is used by
decreasing the likelihood of both a hole an electron from being captured in the same
trap. This, however, also leads to an increase in the average lifetime for all traps within
the system [2]
There are essentially three ways that these kind of traps develop in a scintillator.
The first is the naturally occurring vacancy of cations and anions in a crystal lattice,
which can then trap a charge carrier in its place. Next, is charge deficiencies caused
by natural disorder within a lattice or caused by non-stoichiometric development of
the lattice. The third way is due to defects and defect structures that can form within
the lattice. Several of these traps exist in each scintillator and can occur at several
locations within the lattice if similar cations hold several locations within that unit cell.
Below is an example of a characterization of PbWO4 using both thermally stimulated
luminescence (TSL) and electron spin resonance (ESR) in order to identify traps[26]. We
can see in table 1.2 examples of traps found and characterized using these technique.
Traps are not only significant due increasing the probability of quenching. They can
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Figure 1.2: Plot showing the correlation between light yield and band gap in
scintillators.[4]
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Table 1.2: A table of traps shown as an example of characterization that can be done to
characterize the trapping structure within a scintillator.[2]
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Figure 1.3: A diagram showing the how an excited electron de-excites from the
conduction band to the valence band through a radiative pathway.[5]
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Figure 1.4: Photoluminscent measurement results of cesium potassium barium iodide
showing both the excitation and the emission due to the Europium dopant
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Figure 1.5: The probability of self absorption in several thicknesses of Strontium
Iodide.[6]
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also significantly contribute to afterglow due to phosphorescence [23]. This increase
in background can significantly affect the overall resolution of the detector by affecting
the noise to signal ratio. This can be especially harmful for any applications in which
the goal is to find a change in count rate which is not significantly larger than that
of the initial background [27]. There are also other processes which can significantly
contribute to afterglow including reabsorption effects. This is common in crystals with
dopants like europium where the lattice is not completely transparent to light produced
through scintillation. An example of this type of overlap can be seen in figure 1.4 where
we can see the europium emission exists well below the top of the wavelengths absorbed
to produce excitation.
In this case, there can be multiple absorptions and re-emissions of the scintillation light
before the light reaches the photomultiplier tube (PMT). This can result in an increase
of decay time with the concentration of the trouble constituent. This probability can
become even worse with increases in temperature [28]. On top of these, the effective
detected light yield is even lower due to effects in the detectors such as the geometrical
efficiency and light transport, and the quantum efficiency of the photomultiplier.
An example of the change in reabsorbtion probability at different temperatures and
thicknesses for strontium iodide can be seen in figure 1.5.

It is important to note

that transparency of polycrystalline scintillators has additional considerations when
understanding their scintillation performance. This is due to pores between grains,
grains which are a size that results in significant scattering of light, or mismatch
refractive index at the grain boundaries.This mismatch results in a property known as
birefringence. This means that light direction and polarization will result in different
scattering characteristics at the grain boundary.

In special cases including cubic

materials, this issue can be avoided thanks to the isotropic nature of the material[29].
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1.3.3 Scintillation Timing
Scintillators with accurate timing resolution are for several application involving imaging. It has been shown that by improving timing resolution, we can improve the
quality and reduce the amount of time required to produce usable images[24, 30]. As
with detectors designed for isotope identification, the large number of properties that
contribute to the final parameter incorporates a large amount of complexity into understanding how it comes about. This is further complicated by the importance of photon
transit time [31]. Unlike energy resolution, timing resolution often has a significant
contribution that is extrinsic of the scintillator. This means that characterizing the entire
detector chain can be important when trying to understand limiting factors [32, 33].
Experimentally timing information is derived from a pulse using a trigger. This could
be either a leading edge discriminator (LED) or a constant fraction discriminator (CFD).
Both of these methods use a threshold to convert the exponential pulses produced by
the scintillator into a logic pulse. The LED produces a logic pulse with a rising edge
at a constant threshold. The CFD uses digital or analog methods to produce a logic
pulse with a rising edge at a point where the pulse rises above some fraction of its total
height. LEDs tend to require simpler mechanisms to produce but also result in more
time walk due to variation in pulse shape and size [34]. For both of these methods the
information extracted is essentially equivalent to the arrival time of the nt h photon to
be detected where n is determined by the trigger level and the average pulse height of a
single detected photon.
Due to the complexity of the detector systems used to make these kinds of measurements, modeling can often be instrumental in understanding limiting factors in
timing performance. Scintillation can be modeled with the equation described above
and transport codes are able to simulate collection times of each photon produced. This
series of time tagged photons can be used to calculate the Cramer-Rao lower bounds
for a set of simulated pulses. This can be used to understand the statistical limit of
performance for a system as determined by the photon statistics [24]. This would be
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equivalent to using the information available for the first n photons. It is also possible
to only use the nt h photon as is found experimentally.

1.4 Experimental Background
1.4.1 Diffusion
Diffusion is a fairly old and well understood concept that was first described in 1956
by Einstein in his description of Brownian movement [35]. The methods that we
employ in predictive methodologies, along with the electron hole diffusion previously
discussed, can still be modeled by the diffusion described in Einstein’s work. However,
the application of selectively doping a thin portion of a scintillator using the diffusion
of a dopant is a relatively new concept. The basis of the diffusion work we performed
is from work done on glass [36] which was later applied to oxide scintillators [12]. As
in these references, our dopant was cerium deposited in the form of Ce(acac). Based on
Rutherford back scattering (RBS) measurements, diffusion equations can help us predict
the diffusion profiles from the temperature and time taken during heating performed to
remove organics and initiate diffusion. These equations are [12]:
x
C (x, t ) = C 0 ∗ er f c( p )
4 Dt

l og (D) = l og (D 0 ) −

QC e 1
2.3R T

where C is the concentration, C 0 is the maximum concentration, x is the depth, D
is the diffusion constant, t is the diffusion time, D 0 is the pre-diffusion coefficient, QC e
is the activation energy of cerium diffusion, R is the gas constant and T is the absolute
temperature.
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1.4.2 Polymeric Steric Entrapment
Sol gel and similar wet chemistry processes provide several advantages over other
synthesis methods. Some of these include better control of particle morphology and
subsequent grain size, greater homogeneity of dopants and components, and lower
processing temperatures when compared to the solid state reaction method [37]. A
simplified polymer assisted sol gel process was developed, termed polymeric steric
entrapment[7]. This simplification allows for fast and efficient synthesis of oxides
such as YAlO3 perovskite (YAP) and Gd3 Ga5−x Alx O12 garnet (GGAG). The process is
represented by the schematic seen in figure 1.6. The polymer polyvinyl acetate (PVA)
is put into solution along with the required cations. The long organic chains become
interwoven with the cations ’entrapping’ them and resulting in a thoroughly mixed
homogeneous solution. This mixture is then reduced and heated. Afterward this foam is
ground into a powder and calcined at low temperatures with a slow heating rate. These
two heating steps constitute the combustion, decomposition, and oxidation reactions.
The resultant amorphous powder can then be pressed for sintering, used for growths, or
in our case spin coated onto a substrate.

1.4.3 Spin Coating
Spin coating offers a method for the simple application of thin films onto substrates.
The main advantage for our application is the minimal equipment required, allowing
for fast and repeatable sample production. This means that we can create a film of
desired thickness with little cost per attempt or experiment. The process includes first
applying a solution to a substrate. The substrate is then spun at speeds faster than 600
rpm in order to remove excess solution. As rotation continues, the solvent evaporates
and leaves behind particulates of the solute. The sample is then heat treated to solidify
and anneal onto the surface of the substrate. Figure 1.7 shows images for each step of
this process[8].
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Figure 1.6: A diagram showing the steps of steric entrapment for synthesis of oxide
powders.[7]
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Figure 1.7: A diagram showing each part of the spin coating process. 1.) Material is
deposited on the substrate. 2.) Rotation producess a uniform layer of the gel as well as
removal of excess material 3.) Increased air flow results in accelerated evaporation. 4.)
after evaporation a thin layer of dried material remains on the substrate[8]
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1.4.4 Bridgman Growth
Bridgman growth was first described in 1925 by Percy Bridgman [38] for the growth
of single crystal metals. Since then it has been applied to many other materials and
is especially useful for metal halide scintillator growth. Specifically, it allows for the
halide material to be easily isolated from the atmosphere by using an evacuated quartz
ampoule for growth. In the first improvements of the Bridgman technique, multiple
zones, as well as a baffle, allowed for better control of the gradients that occur in
the growth region [39]. Understanding the effects of this thermal environment are
important in obtaining a quality crystal and is the motivation behind the selected
variables in our investigation. An example of the effects of thermal gradient on the
growth interface during Bridgman growth is shown in figure 1.8.Theta can be calculated
as [9]:
θ=

T − TC
T H − TC

Where T is the melting point of the material, TC is the temperature of the cold zone,
and T H is the temperature of the hot zone. Other parameters such as crystal diameter
and translation rate can also be significant in determining the growth interface. This is
of particular interest for cesium hafnium chloride, due to the appearance of inclusions.
This is because inclusions have been related to growth interface as well as the mentioned
growth parameters [40, 41].

1.4.5 Deuterium-Tritium Generators
Deuterium-Tritium (D-T) generators are high energy neutron sources which use D-T
Fusion to produce both a neutron and an alpha. They are a mature technology that is
available commercial. This reaction can be described by the equation:

2
1H

+31 H →42 He +10 n +Q
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Figure 1.8: The effect of theta, a normalized thermal gradient on the growth interface of
Bridgman growth.[9]
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The deuterons are accelerated towards a tritium loaded target which is thin enough
to allow alpha particles to be detected.The two particle nature of this fusion reaction
means that the kinematics result in only one possible energy for both the alpha particle
and the neutron produce with the direction of the particles being opposite in the center
of mass frame of reference. This make it convenient for use in imaging systems which
use time correlated detection signatures for active interrogation [42]. The Q value of the
reaction for this reaction corresponds to a value of 17.6 MeV [43]. Based on conservation
of mass and momentum we can calculate that this results in a neutron with 14.0 MeV
and an alpha particle with 3.54 MeV of energy. By detecting the alpha particle with a
position sensitive detector, the created neutron can be tagged with initial direction and
time. By later detecting this neutron or production from a reaction it caused, time of
flight and double neutron rates can be used to determine properties of the materials
it interacted with. Using this information for many neutrons, it is possible to build a
three dimensional rendering of the of the object being investigated. This is known as
associated particle imaging and is a highly effective form of non-destructive assay.

1.5 Overview and Original Contributions
This dissertation investigates the development of two scintillators with the goal of
pushing them closer to use in nuclear security. In chapter 2, cesium hafnium chloride
(CHC) is investigated. CHC is a metal halide that has shown promising characteristics
for use in small radiation detectors for use in isotope identification including fine energy
resolution and low hygroscopicity . A novel method for producing CHC powders is
presented along with data on material purity. These powders were then grown into
bulk crystals using Bridgman growth. This method shows improvement in crystal
quality as well as energy resolution and light yield of the resultant crystal. Next, several
different growth parameters including diameter, growth rate, and thermal gradient are
investigated. The effect of these changes are shown through characterization of light
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yield, energy resolution, radioluminescense, non-proportionality, and transmittance.
Methodology for both growth and characterization are shown in this chapter for each
of the of crystals and measurements. Inclusions within the scintillator were identified
as cesium chloride. The concentration of and morphology of these inclusions are
shown using SEM. At the time of publication the use of these methods as well as the
understanding of the inclusion was used to produce the highest energy resolution for a
1 inch diameter crystal of CHC.
Chapter 3 focuses on the development of alpha detectors for use in associated
particle imagers (API). Three methods of producing alpha detectors are presented, two
of which have not been characterized before using alpha particles. The first alpha timing
data is presented for each of these detectors. The methods presented for producing
the scintillators are diffusion, additive manufacturing, and sol gel thin film deposition.
The thin film deposition process is the first application of this method for used in
alpha detection. In order to obtain this data for an alpha particle at 3.5 MeV, the
energy of an alpha particle created in D-T fusion, a novel method of measurement
was used. The design and characterization of the the method used is presented in
this chapter. This includes construction of fast readout electronics as well as design
of fast plastic alpha detectors that only require partial energy deposition. Along with
measurements, light transport models were designed in order to calculate the CramerRao lower bounds (CRLB) on timing statistics. These models were then verified using
experimental measurement.
List of Original contributions:
• Investigation of growth parameters of cesium hafnium chloride to determine their
effect on light yield and energy resolution
• Investigation of two novel methods for producing cesium hafnium chloride source
powder: methanol synthesized filtered and hydrochloronated material
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• A novel nitrate sol-gel fabrication method for producing thin film alpha particle
scintillation detectors
• Timing characterization and gamma sensitivity characterization of three alpha
detectors with a novel characterization setup that reproduces a D-T generator like
atmosphere and alpha energy
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Chapter 2
Cesium Hafnium Chlodride
A version of this chapter was originally published by Cordell Delzer, Mariya Zhuravleva,
Luis Stand, Charles Melcher, Nerine Cherepy, Stephen Payne, Robert Sanner, and Jason
Hayward [44].
C. Delzer et al., “Observations regarding inclusions in the growth of Cs2HfCl6 single
crystal scintillators,” J. Cryst. Growth, vol. 531, no. November 2019, p. 125336, 2020, doi:
10.1016/j.jcrysgro.2019.125336.
All crystal synthesis, characterization, and manuscript preparation was performed
by Cordell Delzer. Material preparation was performed by Robert Sanner. Mariya
Zhuravleva, Luis Stand, Charles Melcher, Nerine Cherepy, Stephen Payne, and Jason
Hayward were advisors involved in the editing and revision of the paper.

2.1 Introduction
One area of nuclear security that has been of particular focus is scintillators for gamma
ray spectroscopy to be used for isotopic identification in devices such as portal monitors
or hand held radiation detectors. Inorganic scintillators are used for detection and identification of illicit nuclear materials [45]. For detection and identification approaches
that make use of gamma ray spectroscopy, the detector efficiency and energy resolution
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are particularly vital to system performance. Better performance in each of these areas
allows for faster detection and radioisotope identification with fewer false alarms [46].
Some semiconductor detectors exceed the performance of scintillation detectors in
energy resolution and isotope identification, but the efficiency of room temperature
semiconductors (due to small volume) is often limited compared with scintillators [47].
Currently, the most common inorganic scintillator in use for gamma spectroscopy is
sodium iodide NaI:Tl, offering high efficiency, moderate density (3.67 g/cm3 ), large
available crystal sizes, moderate energy resolution, and low production cost [48]. Its
energy resolution (7-8% at 662 keV), however, is insufficient for the more challenging
cases of isotope identification. As such, improvement toward the fundamental limit of
2% resolution at 662 keV in scintillators is needed.
Cesium hafnium chloride Cs2 HfCl6 (CHC) was first synthesized as early as 1976 [49]
and while a few references investigated the optical properties, there was not significant
interest in the material as a radiation detector until its rediscovery as a scintillator in
2015 [50]. This re-discovery showed CHC to be a high performance scintillator with an
energy resolution as low as three percent while maintaining a density and effective Z
similar to that of sodium iodide, as well as having a light yield of around 50,000 photons
per MeV. All of these properties suggest that it may be an excellent candidate to fill the
role of a gamma spectroscopy scintillator. Since its discovery, many groups have tried to
grow and research this scintillator, as well as related materials, most commonly with a
bromide substitution on the chloride site to form cesium hafnium bromide.
On top of this initial performance, cesium hafnium chloride has several properties
that could be advantageous for the scintillator. Its ability to scintillate intrinsically
prevents inhomogeneity in activator concentration from being a factor in energy resolution. It has also been shown that CHC is highly proportional when compared to other
scintillators, including strontium iodide. This superior proportionality contributes to
CHC’s potential to have an excellent intrinsic energy resolution [51]. In addition, the
intrinsic luminescense means that there is potential for even better energy resolution in
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CHC if a more optimal crystal growth technique is developed.
This crystal, along with several related crystals having the cubic crystal structure
of K2 PtCl6 , has been recently discovered to offer good scintillation along with low
hygroscopicity [52, 53, 54, 55, 56, 57, 10]. This results in isotropic properties that can
be helpful for both crystal growth and ceramics processing. Cubic materials tend to be
easier to grow in bulk when compared to other lower symmetry materials. In many cases
this means that the material can be more affordable to grow than other difficult to grow
crystals due to a higher yield per growth. In addition to single crystal application, there is
also the potential to use CHC as a material for producing transparent ceramics. Ceramic
processes are often lower cost and produce a stronger final product than a single crystal
with the same material.
One of the challenges that comes with new material synthesis is the development
and optimization of growth methods to yield the highest quality crystals. It has been
shown that there is a tendency for the formation of CsCl inclusions during crystal growth
of CHC and related crystals [10]. Some of these crystals are shown in figure2.1. It is
likely that these inclusions cause the wide range of results reported in the publications
on CHC [50, 57, 10]. Variation between growths makes it difficult to compare other
factors, including the effects of new dopants [54], or draw comparisons between CHC
and similar compounds [55, 10]. Here, we focus on understanding how the feedstock
and growth procedures can be optimized to reduce inclusions and improve scintillation
properties. Focusing on this, we develop and test two methods that may decrease
the effect of these inclusions on the performance of CHC. The first method is to
develop a purer starting material that maintains stoichiometry better than mixing
binary halides.

The second method is to attempt to alter inclusion formation by

altering certain Bridgman crystal growth parameters, such as crystal radius and thermal
gradient. We study the effects of these methods on the formation of CsCl inclusions
and on scintillation properties. Even with these setbacks, CHC seems to be a possible
competitor in the modern scintillator market given that improvements can be made in
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efficiently growing the crystal and is the motivator behind these investigations.

2.2 Materials and Methods
2.2.1 Synthesis of CHC Source Powder
The preparation of C s 2 H f C l 6 was accomplished by first measuring CsCl and HfCl4
in the glovebox, both with purities of 99.9%, in a stoichiometric ratio that satisfied
the reaction: 2C sC l + H f C l 4 → C s 2 H f C l 6 . An acid-saturated methanol solution was
prepared by bubbling anhydrous HCl gas through 400ml of ice-chilled methanol for
10 minutes. This acidic methanol stock solution was diluted in a 1:10 ratio with fresh
methanol to produce the reaction medium, which was purged with nitrogen in an icecooled round bottom flask. H f C l 4 was added in portions to the chilled flask, followed
by addition of CsCl; a white precipitate was formed as the CsCl was added. This mixture
was refluxed for 3 hours under nitrogen and then stirred overnight at room temperature.
The powder was filtered out of the solution and washed twice with fresh methanol while
under an inert atmosphere. The powder was then heated under vacuum at 120°C in
order to remove the remaining methanol.

2.2.2 Thermal Cracking and Hydrochlorination
Initial crystal growths proceeded by loading 11 g of the pre-synthesized material into
a 13 mm diameter ampoule made of fused silica with a capillary grain selector. All
handling of the powder was done in a glovebox under an inert nitrogen atmosphere to
prevent the addition of contaminants. The water and oxygen levels were kept under
20 ppm during handling. The material was then dried at 100 °C for 12 hours while
being pumped to a vacuum of 10-7 Torr. Next, the ampoule was sealed while still under
vacuum. It was then placed in a Bridgman furnace to be grown at 5 mm/hr in a thermal
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Figure 2.1: Images showing the type of coring and cracking that is regularly seen in
cesium hafnium chloride crystals grown using Bridgman furnaces[10]
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Figure 2.2: An ampoule that was loaded with the synthesized power after being heated
to 870 °C during the first attempted growth of the material.s
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gradient of 25.5°C per inch. Upon removal from the furnace, several distinct phases
could be observed within the ampoule. A photo of the ampoule after the initial melt
can be seen in figure 2.2. Further characterization and identification of these phases
is described in the results section. Upon opening this ampoule, it was found that the
ampoule was under pressure.
Subsequently, crystals were grown with feedstock that was first purified through
hydrochlorinating the as-synthesized CHC powder. This processing was done by APL
Engineered Materials Inc. A portion of the synthesized material was heated for 3.5 hours
up to the melting point of 810°C while under a flow of HCl gas. Under these conditions,
no sublimation or decomposition was observed during visual inspection. The material
was then scrubbed with inert gas to remove any remaining HCl.

2.2.3 CHC Filtration and Growth
Feedstock powders were first loaded into a test-tube-shaped ampoule as shown in figure
2.3b. The ampoule was dried at 100 °C for 12 hours while under vacuum, then sealed.
The material was then melted at 870°C to separate out secondary phases in order to
make them easily removed by a filtration step. The black phase observed in Figure 1 was
later identified via x-ray diffraction (XRD) to be HfO2. The material from these ampoules
was then removed, ground into a powder with a mortar and pestle under an inert
atmosphere, and stored as stock powder to be filtered and grown for all later mentioned
crystals. These ampoules were also found to be under pressure when opened.
The ground material was loaded into an ampoule with two quartz frits to remove
the higher melting point secondary phases which were formed in the first step. The
material was then melted through the filters for 24 hours at 870°C. This led to a
complete separation of the secondary, dark-colored, and insoluble material, while the
CHC melted and passed through the frit as was confirmed by XRD (see below for details).
The filtered CHC was then grown in the same ampoule using the Bridgman-Stockbarger
method [39]. After growth, the crystal was cooled for 72 hours. Five crystals were grown,
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and they will be referred to as Crystals A through E throughout this paper. Crystal A has a
diameter of 22 mm and was grown across a thermal gradient of 21°C per inch at a growth
rate of 1 mm/hr. Crystal B has a diameter of 22 mm just like crystal A and was grown at 1
mm/hr, but it was grown across a thermal gradient of 34°C per inch. Crystal C was grown
nearly the same way as crystal B except instead of using melt filtering to remove oxides
and other high melting temperature components, the material was hydrochlorinated.
Crystal D and E have diameters of 13 mm and were grown across a thermal gradient of
34°C per inch. Crystal D was grown at a rate of 0.5 mm/hr, while crystal E was grown at
a rate of 1 mm/hr. All five of the crystals are shown in figure 2.4. Throughout this paper,
the descriptor higher gradient refers to a gradient of 34°C per inch while lower gradient
refers to 21°C per inch. It should be noted that several of the crystals began to crack near
the sites of their inclusions while being characterized.

2.2.4 X-Ray Diffraction
X-Ray Diffraction (XRD) was conducted with a PANalitical Empyrean diffractometer
(Model Number 9430 060 03002) setup in a Bragg-Brentano geometry utilizing a PIXcel3D area detector with a Cu-Kα source. All XRD was done on powder produced by
grinding the material into a mortar and pestle before the measurement. All scans were
taken in 30 min with step size depending on the 2θ range measured.

2.2.5 Scanning Electron Microscope
Using a Zeiss Evo scanning electron microscope (SEM) equipped with a Bruker eflash
electron backscatter detector (EBSD) and a Bruker xFlash 6130 Energy Dispersive XRay Spectrometer (EDXS), images of the cloudy defects in each crystal were taken. All
measurements had to be done under a low-pressure argon environment in order to
prevent charging in the CHC. This low pressure of inert gas allows for the surface to
discharge the electrons that would not otherwise be able to relocate in the insulating
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CHC. Line scans, and point scans, were taken using EDXS, allowing us to find the
elemental ratios which made up each of the regions.

2.2.6 Gamma Response and Measurement
Pulse height spectra were taken in order to calculate energy resolution and absolute
light yield. This was done by coupling the crystals to either a Hamamatsu R6231 or
R2059 PMT, with silicone grease, for energy resolution and light yield measurements,
respectively. Energy resolution was measured at 662 keV using gammas from a Cs137 source. The photopeaks from the spectra were fit with a Gaussian whose standard
deviation and position were used to calculate the energy resolution. Light yield was
calculated by convolving the radioluminescence with the quantum efficiency of the
PMT. In calculating the light yield, we assume 100% light collection at the PMT.

2.2.7 Radiolumnescence and Photoluminescence
Radioluminescence was measured using a Source 1 X-ray tube (model CMX003) operated at 35 kV. The emission was then measured using an Acton Spectra Pro 2150i
monochromator/spectrograph. The measurement was performed in a transmission
setup, meaning that the crystals were irradiated from the one face while the light was
collected by the monochromator on the opposite face. The emission spectra were then
corrected for the spectral sensitivity of the PMT.
Steady state photoluminescence spectra were measured at room temperature with
a Horiba Jobin Yvon Fluorolog 3 Spectrofluorometer equipped with a Xe lamp and dual
scanning monochromators. The measurement was taken in the reflection setup so that
light was collected at a 90-degree angle relative to the incident light from the Xe lamp
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2.2.8 Scintillation Decay
Radioluminescence decay data was acquired with the crystals mounted on a Hamamatsu R6231 PMT and coupled with mineral oil. Average waveforms were taken using an
InfiniiVision DSO6104A 4 GSa/s oscilloscope. The data was then fit with an exponential
decay of the form: y = A 1 (e

− tx

1

) + A 2 (e

− tx

2

) + y 0 where A1 is the amplitude of the pulse,

t1 and t2 are decay components of the pulse, and y0 is the baseline offset from zero.

2.2.9 Scintillation Light Yield Non-Proportionality
Non-proportionality measurements were taken at Lawrence Livermore National Laboratory’s SLYNCI facility [58]. Crystals were coupled to the PMT with silicone grease and
reflected with Teflon. A quantity of 80 million counts were collected on each crystal, half
at the 0°source position and half at the 15°source position

2.2.10 Optical Transmittance
A transmission measurement was also taken using a Cary 5000 UV-Vis-NIR spectrophotometer. The data was then normalized for sample thickness. Samples were polished
using 800, 600, then 1200 grit SiC paper to ensure a good surface for light transmission
on both the top and bottom of the crystal. Before each crystal was measured baselines
were taken at both 100% and 0% transmission, that were then used to correct the
data to absolute transmission values. The measurement was taken through the most
transparent portion of each crystal and normalized to the crystal thickness.

2.3 Results
2.3.1 Materials Synthesis and Purification
Chemical composition was assessed via ionically coupled plasma mass spectroscopy
(ICP-MS), ionic coupled plasma optical emission spectroscopy (ICP-OES), reductive
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graphite fusion, and combustion performed on the feedstock refined by APL both with
and without hydrochlorination. The information is summarized in Table 2.1. We
attribute the reduction in oxygen and carbon to a removal of methanol which had
formed an adduct during the synthesis. Due to the pressure in the evacuated ampoules
upon decomposition, it is likely that the methanol formed adducts with the ions present
in the solution during synthesis, as has been previously described in solution growth
from organic solution of halides such as LaBr3[59]. These adducts may be bonded tightly
enough to prevent evaporation of the methanol during the drying steps. Upon heating to
higher temperatures in a sealed ampoule, this leads to the formation of the compounds
found with XRD (see 2.1).

2.3.2 Crystal Growth
The black material that forms upon heating the material that had not been hydrochlorinated can be seen in figures 2.3a and 2.3b. The material from figure 2.3b is shown
after the filtering process in figure 2.3c. This step was able to remove secondary phases
with higher melting points. This does not include CsCl, as is shown in the next section.
Filtered and ground material is shown in figure 2.3d to be a clean-looking white powder
with no black material remaining. The as-grown crystal is shown in figure 2.3e. There is
significant cloudiness in the parts of the crystals that froze later in the growth. Tested
crystals were all taken from similar boules with the cone and tail removed. All the
crystals are shown this way in figure 2.4.
Several comparisons can be drawn between the crystals shown in figure 2.4.
Comparing crystals A and B, it is observed that an increase in thermal gradient resulted
in less cloudiness or fewer inclusions in the bulk of the crystal. Comparing Crystals
B and E,there is a decrease in radius results in a significant increase in the number of
inclusions in the center of the crystal. Comparing Crystals D and E, it is observed that
a decrease in growth rate results in an effect similar to that of increasing the thermal
gradient. In both cases, the sample is clearer near the core of the crystal. Crystals B
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(a) An ampoule that was loaded with
the synthesized power after being
heated to 870 °C during the first attempted growth of the material.
(b) Synthesized powder that has been
loaded into a test-tube-shaped ampoule and then heated to 870 °C.
(c) Material taken from the test-tube
ampoule after being filtered in the
double fritted ampoule.
(d) Filtered material that was loaded
into a growth ampoule after being
filtered and ground in a mortar and
pestle.
(e) Boule of CHC after growth. The
boule was later cut to remove the cone
and tail of the crystal.

Figure 2.3: Summary of Production Process for CHC
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Table 2.1: Summary of composition of precursor powders used for crystal growth with
concentrations presented in mass percent
Element
Cs
Hf
O
C IV
Trace Metal
Zr

Stoichiometric
40.46%
27.17%
0.00%
0.00%
0.00%
0.00%

Precursor
41.31%
26.37%
0.2319%
0.1400%
0.0162%
0.128%
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Hydrochloronated.
43.98%
24.62%
0.0262%
0.0100%
0.0103%
0.0090 %

(a) ø22 mm at 1 mm/hr with
a thermal gradient of 21°C /
inch (crystal A).
(b) ø22 mm at 1 mm/hr with
a thermal gradient of 34°C /
inch (crystal B)
(c) ø22 mm at 1 mm/hr with
a thermal gradient of 34°C /
inch using hydrochlorinated
material (crystal C)
(d) ø13 mm at 0.5 mm/hr
(slower growth rate) with a
thermal gradient of 34 °C /
inch (crystal D)
(e) ø13 mm at 1 mm/ radient
of 34°C /inch (crystal E)

Figure 2.4: Summary of Production Process for CHC

42

and C look to have similar inclusions near the edge of the boules, while retaining very
transparent cores.

2.3.3 X-Ray Diffraction
Powder XRD was performed on the material which was frit-filtered, and pieces of each
of the grown crystals taken from the cone region after growth (e.g., see the right side of
figure 2.3e). Plots of the XRD spectra are shown in figure 2.5a. The XRD of the black
material shows the presence of hafnium oxide. The hafnium oxide is likely formed
due to residual methanol or water from the synthesis reacting with the HfCl4 at high
temperature. This methanol or water cannot be removed by applying heat to the
precursor material because CHC sublimes before the removal of the impurity, likely
strongly bound as an adduct or hydrate. Sublimation has been observed at temperatures
as low as 100°C while the material was under vacuum. Referring to figure 2.5b, no
significant difference can be seen between the crystals using XRD. XRD, not shown
below, was also take of the black material which coated the top of the ampoule. The
result showed that the material was amorphous suggesting that it may be a carbon
coating created during the dissociation of methanol.

2.3.4 Scanning Electron Microscope
SEM images were taken for each of the crystals in order to more closely investigate the
inclusions. Representative images of each crystal can be seen in figure 2.6. Images were
acquired near the center in order to avoid inclusions near the edge of each crystal. This
ensures that the images are more representative of the bulk crystal. EDS was performed
on both the dark regions and the light regions of each crystal showing the presence of
CsCl in the dark regions, based on stoichiometry. The lighter regions were shown by the
same method to be Cs2 HfCl6 . An example result from crystal B is shown in Table 2.2.
Crystal C showed no dark inclusions away from the edge of the crystal. This could be
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(a) XRD of the black material (bottom)
removed from the filter of the double fritted
ampoule and, for comparison, the three
compounds (top) which appear to be its
main constituents: CsCl, HfO2, and CHC.

(b) XRD of each of the five crystals shown
in Figure 2. In each of the spectra, the main
CsCl peak is marked with a star, barely
detectable but present at <1% in most of
the crystals.

Figure 2.5: Summary of Production Process for CHC
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significant, as it was also the crystal with the best energy resolution. Crystal E showed
inclusions of a significantly different structure than all the other samples. Although this
does not match the inclusions in our other samples, it does match a similar crystal
grown in [10]. The crystal grown in the reference was a 1 inch diameter CHC crystal
produced by Bridgman growth at a rate of 0.625 mm/hr. It appears that the same
growth parameters led to samples more like our crystal A, B, C, and D in some cases
and more like our crystal E in during other growths. The top left portion of the image
shown in C appears to be slightly darker. This is due to the shape of the sample surface
and no change was seen in composition by EDXS. One possible explanation for the
improvement seen in crystals which have higher thermal gradient or slower growth rate
could be constitutional supercooling. It has been shown to cause cloudiness in other
crystals grown be the Bridgman method[60, 61]. The amount of inclusion formation has
also been shown to be dependent on growth rate and thermal gradient as it is in these
crystals[28].

2.3.5 Gamma Response and Measurement
The light yield data is shown in figure 2.7, and a complete summary of the scintillation
data including light yield, decay, and energy resolution is found in Table 2.3. The
performance of our best crystal, Crystal C, is comparable to others grown in literature
in both light yield and resolution[52, 53, 55, 56, 10]. I hypothesize that the use of
hydrochlorinated feed stock and growth with a high thermal gradient maintains melt
stoichiometry and results in a nearly pure-phase crystal.

This crystal is also the

largest yet reported on in literature and exhibits excellent energy resolution. For the
two instances in which the energy resolution is better in literature, 3.03%, compared
to our 4.0%, the reported crystal size was significantly smaller, being only 0.65 cm3
compared to our 7.59 cm3 and 2.64 cm3 for our 22 mm and 13 mm diameter samples
respectively[50, 10]. As crystal size continues to increase, it will become increasingly
important to ensure crystal quality and performance. It is also significant to note light
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(a) Crystal A

(b) Crystal B

(c) Crystal C

(d) Crystal D

(e) Crystal E

Figure 2.6: SEM images showing phase separation in each of the samples
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Figure 2.7: Photopeaks of each crystal taken on the same setup in order to compare light
yield at the 662 keV peak of Cs-137
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Table 2.2: The elemental composition in both the light and dark region of SEM images
given in atom concentration, as in Figure 2.6, found using EDS. The data shown is for
Crystal B.
Region
Bulk Crystal(Lighter Region)
Defect (Darker Region)
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Cl
65.5%
50.3%

Cs
22.9%
47.8%

Hf
11.5%
2.0%

yield values here are experimental not theoretical. This is discussed further after the
section on transmission data.

2.3.6 Radioluminescence and Photoluminescence
The radioluminescence emission spectra from the CHC crystals are also shown in figure
2.8. The emission for each crystal consists of a single peak having a maximum between
400 to 410 nm. In comparing the peaks, the most significant difference is a narrowing in
the emission peak in each of the larger diameter crystals. This is most likely due to the
scattering of light in these larger crystals due to the larger transmission length. This also
explains the narrowing happening mostly at low energies. Besides this small difference
in spectral width, there are no significant differences between spectra. This suggests that
any secondary phase of CsCl present is not producing a significant secondary emission.
Photoluminescence data was also taken for each crystal, but only data from one
crystal is shown due to the similarity between all results. For each crystal, the excitation
and emission had little overlap, consistent with a large Stokes’ Shift. This eliminates
the possibility of self-absorption causing changes in scintillation performance in large
crystals. A plot of the photoluminescence data from a representative crystal is shown in
figure 2.9.

2.3.7 Scintillation Decay
The results from the fits of the scintillation decay measurements can be seen in Table
2.3 along with a summary of the other scintillation data collected for each of the
crystals. There was no noticeable change between the scintillation decay for most of
the crystals. This again suggests that the inclusions within the crystals are not affecting
the scintillation mechanism, instead merely resulting in optical scatter. Referring to
Table 2.3, there is a measurable shift in the decay time of the hydrochlorinated material
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Figure 2.8: Photopeaks of each crystal taken on the same setup in order to compare light
yield at the 662 keV peak of Cs-137
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Figure 2.9: Photopeaks of each crystal taken on the same setup in order to compare light
yield at the 662 keV peak of Cs-137
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(crystal C). The longer decay time seen in crystal C compared to the other crystals may
be due to its higher purity.

2.3.8 Scintillation Light Yield and Non-Proportionality
Data acquired with the Scintillator Light Yield Non-Proportionality Characterization
Instrument (SLYNCI) is shown for all crystals except for crystal D in figure 2.10. Data
from SrI2:Eu and NaI:Tl crystals are also included on the plot for comparison. The CHC
crystals exhibit superior proportionality compared to the other crystals. The results
between each of the CHC crystals appears to be very similar. This suggests again that
scintillation mechanism is not the cause of the differences in scintillation performance
between CHC crystals.

2.3.9 Optical Transmittance
The results in figure 2.11 show that the transmission of light almost exactly follows
the trend observed in the energy resolution results. This suggests that the reason for
the improved performance in terms of our measurements of light yield and energy
resolution, is likely due to improved optical transmission in those crystals. In fact,
the best performing crystals offer the highest optical transmission in the region of
CHC emission (350-450 nm) and the poorest performing crystals exhibit the lowest
transmission in this region. This follows what would be expected based on the light
collection statistics, where variance is proportional to the number of collected photons.
It can be seen that crystals C and D have very similar transmission, as well as the best
light yields and energy resolution at 662 keV.
This result is also significant in that it affects the interpretation of our light yield
results. This is due to the assumption of 100% geometric efficiency during light yield
measurements. While this works well for highly transparent crystals, the inclusions
present in our crystals cause the convolution of light yield and light collection to be more
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53
A
B
C
D
E

Crystal

Energy
Resolution
at 662 keV
9.50%
4.70%
4.00%
4.10%
4.80%

Light
Yield
(Photons/MeV)
19, 600 ± 800
30, 620 ± 620
36, 100 ± 506
36, 400 ± 630
32, 000 ± 650

Decay
Component
1(µs)
4.55
4.38
5.78
4.37
4.35
70.33%
77.70%
86.07%
74.23%
72.60%

Contribution

Decay
Component
2(µs)
1.23
0.95
1.43
0.945
0.923

29.67%
22.30%
13.93%
25.77%
27.10%

Contribution

Table 2.3: Summary of scintillator performance for each of the crystals investigated in this study

Figure 2.10: Relative light yield as a function of electron energy, measured for Crystals A,
B, C and E. SrI2:Eu and NaI:Tl are included for comparison.
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Figure 2.11: A plot showing the difference in transmission between the five crystals in
the region of emission of CHC scintillation.

55

significant. This may explain the shape of the photopeak from crystal A. As the amount
of scattering increases, light collection becomes position dependent. In crystals with
poor light transport tailing may occur due to absorption of scintillation light occurring
in the crystal.

2.4 Concluding Remarks
In summary, we have investigated five different procedures for growing CHC in order
to optimize its growth and scintillation properties. Pre-synthesized CHC powder with
subsequent hydrochlorination results in fewer CsCl inclusions, while higher thermal
gradients during growth also appear advantageous. The presence of CsCl inclusions
produce optical scatter, thereby degrading energy resolution and light yield. Our best
crystal growth result is for a crystal grown in a thermal gradient of 34°C per inch with a
translation rate of 0.5 mm per hour and a diameter of 22 mm with an energy resolution
of 4.0% and a light yield of 36,000±506 photons/MeV.
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Chapter 3
Alpha Detectors for Use in Associated
Particle Imaging
3.1 Introduction
Another area of nuclear security that is of significant interest is active interrogation of
shielded containers with the goal of finding illicit special nuclear material. This includes
abilities such as material identification, imaging, as well as other material characterization. The large amount of diversity of data that can be collected means that non-nuclear
threats such as explosives can also be identified and located. Current limitation in
detection capability means that there is still the possibility of disguising special nuclear
material within what appears to be normal industrial shipping containers. By using
active interrogation methods instead of passive methods, it is possible to reduce issues
such as those produced by background by increasing the intensity of the signal being
detected. However, further improvements to these technologies are still required to
reduce scanning time and improve accuracy. One specific method that aims to use as
much information as possible in its detection process is associated particle imaging
(API). By using time of flight data as well as multiplication measurements, neutrons
generated by a D-T generator and tagged using the associated alpha particle, can be
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used to produce highly detailed images even when material is shielded using both low
Z and high Z materials. A schematic of an associated particle imager is shown in figure
3.1.
Along with this utility comes a higher level of complexity. The design of the system
requires several smaller systems to work together. Due to this complexity, this section
will only focus on developing a small part of the API system with the hope of improving
the overall quality of the data and images produced. The focus of this work is on
improving the detection of alphas created by the D-T reaction. This will allow for a more
accurate initial state of the neutrons which will then allow for a better overall image of
the item being interrogated.
Radiation from background produced within the D-T generator has a significant
effect on the performance of the API system [62]. One major source of background
comes from the D-T generator itself. It has been shown that a spectrum of x-rays
with a peak near 70 keV is created from a similar D-T system [63]. Energy from the
ions produced is converted into x-rays through collision and then results in a high
background in the alpha detectors. The attenuation length of these x-rays is on the order
of 1 mm in scintillators like YAP. For example in the Theremofisher generator,this means
that for the current setup, 50% or more of the incident x-rays are being detected. Any
substitute scintillator or design that is used as an alternative must be able to withstand
processes such as high temperature bake outs up to 350◦ C, high voltage burn in, and
must be able to with stand the pressure difference from atmosphere to vacuum.
Many of the usual answers for dealing with background are not applicable because
of these limitations. For example, the implementation of shielding would also result in
blocking all of the alphas before the flux of x-rays is significantly reduced. Fortunately,
due to this high stopping power of the alpha particles, reducing the thickness of the
scintillator will reduce the number of detected x-rays while still maintaining a high
efficiency for detection of alpha particles. If the only way the design was altered was
to create a thinner detector, structural strength of the component would become too
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weak to support the pressure change between the two exposed surfaces which is already
reduced due to surface etching that improves light collection[13]. Little success has
been reported on the creation of an α detector significantly thinner than 1 mm, and
robust enough to survive vacuum bake-out. In order to solve these problems it is instead
possible to create a scintillator with a thin active area so the structural integrity remains
high but the detection of x-rays is still lowered.
Recent research in associated particle imaging (API) systems has been focused on
improving the overall image quality produced by the multi-modal systems, reducing the
amount of time required to form images, and other advances that can impact fieldability.
These systems work based on the physics of deuterium-tritium reactions which produce
an alpha particle and a neutron simultaneously, with energies of 3.5 MeV and 14.1
MeV, respectively. By recording when and where the alpha particle interacts with the
associated particle detector (APD), the initial direction and start time of each neutron
may be determined.
A more precise time tag can be expected to improve both scatter imaging-based
modality performance and system count rate capability or throughput. Additionally, it
is critical that the scintillator chosen is capable of withstanding the conditions present
within the D-T generator. This includes a vacuum environment as well as an extensive
bake out procedure which requires the APD to withstand temperatures of 350°C for
extended time [64]. Therefore, our aim was to create a scintillator that is thermomechanically robust enough to withstand the background while still improving the
timing capability.
Furthermore, there are inherent x-ray and deuteron backgrounds produced by the
D-T generator; the x-ray background has been shown in a prior high-performance
scintillator-based APD design to degrade the imaging performance of a system that used
a Thermofisher Scientific API 120 neutron generator when it was run at full current. It
has been shown before that other backgrounds can be reduced by coating the face of
scintillator pointed toward the ion source with a thin layer of Al. This means in addition
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to the requirements mentioned above our design also needed to have sufficient x-ray
rejection in order to permit high count rate imaging.
Timing resolution is the result of several components added in quadrature. This
includes the production and detection of light, the digitization of the pulse, and method
of timing pick off from [65]. Each of these components can be further broken down
to parameters that effect timing resolution. In the case of the light production by
the scintillators this included rise time, decay time, and number of light carriers, or
light yield. Using these parameters a Cramer-Rao lower bound can be calculated[24].
Following the scintillator, the photodetector can also have a significant affect on timing.
First, detection efficiency of the photons produce reduce the number of information
carrier due to the photoefficiency being less than unity. Second, there is an addition to
uncertainty produced by the transport of the new charged carries in both PMTs and
SiPMs [66]. These values each add to the measure timing resolution in quadrature.
When understanding the contribution of the trigger, pulse shape and noise both
contribute their own standard deviation to the measured timing resolution. In most
cases, where the most significant noise contribution is electronic, the optimal trigger
level is above the voltage at which the noise contribution is important [67]. When
the background is caused by a high rate of radiation, such as in a DT generator, the
contribution of noise degrades timing resolution.
This work investigates a method of reducing this x-ray background with the use a
thin active scintillator volume, relative to the mean free path of low energy x-rays (up to
140 kV). One promising approach to creating a very high performing APD is to activate
only a thin layer of a scintillator for alpha sensing, in order to reduce its x-ray sensitivity
while also maintaining structural stability as well as alpha sensitivity. This is possible
due to the different in energy deposition pathways between heavy charged particles and
photons.This approach also has the potential to improve light collection by reducing the
number of optical interfaces created between the scintillator and the photosensor.
This new design could in principle allow for any optically transmitting vacuum
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interface to be replaced with a sufficiently strong scintillator crystal, thereby increasing
light collection by removing an optical interface, as light collection fundamentally limits
timing and position resolution in these designs. It has been shown that this interface
between the scintillator and vacuum window can be result in a significant loss of the
scintillation light collected [68, 69]. This problem is exacerbated by the inability to use
grease as a couplant withing the D-T generator.
The three materials chosen to investigate in these studies were YAP, YAG, and GGAG.
YAP is a scintillator currently used for APD applications. It has a fast rise (380 ps)
and decay time (26.7 ns) along with a reasonably high light yield (17000 photons per
MeV)[70]. Its current use in the application, due to its fast timing properties, makes it
a good material to include. The next material, GGAG has a higher light yield (46,000
photons per MeV) . It has a multi component rise times(200 ps, 6 ns) and decay
times(140ns, 500 ns, 6000 ns) that includes a longer scintillation decay caused by
oxygen defects within the lattice [71]. This long decay can degrade the materials timing
performance. An advantage of GGAG is its cubic structure. This means that ceramic
or polycrystaline materials can be made while still maintaining the light transport
properties[72]. Lastly we investigate YAG. This material has the poorest timing qualities,
with a decay time of 68.4ns [73] but has the advantage of availability. Due to its use as
a lasing material, it is possible to obtain it cheaply and quickly in many different forms
including the nanopowders we required for creating a transparent ceramic. Like GGAG it
also has the potential to be engineered to reduce the effect of the slow decay component
caused by defects.
First, we present three new possible methods for producing thin scintillators on
the surface of unactivated crystals. Second, we report on two sets of measurements:
(1) the alpha timing resolution of these three scintillators in a vacuum environment
similar to the inside a D-T generator, and (2) the sensitivity of the three scintillators
to low energy gamma rays as an analog for the x-rays created within the generator.
The three methods that are presented are produced through diffusion, deposition, and
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Figure 3.1: A schematic showing an associated particle imager [11]
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additive manufacturing. Our goal was to produce each of these samples in order to
compare performance as well as look for areas where production of the samples could
be optimized to improve quality. The quality of the samples were assessed based on
the achieved timing resolution of the scintillator as well as the ability to reject x-ray
radiation.

3.2 Experimental Design
Background radiation can result in poorer performance of the system by reducing the
performance corralated pulse detection from the scintillator [12]. It has been shown
that a significant part of the background in the DT generator is produced within the
generator. Specifically, there is an X-ray peak near 70keV that is associated with the
ion tubes with a maximum at the accelrating voltage near 130keV [63, 62]. The best
class of scintillating materials for these set of requirements are oxides. Unlike organic
scintillators which are also very fast, oxide scinitllators are stable up to very high
temperatures. Currently materials such as YAP and GGAG seem to be good candidates
for this process because they are fast, efficient, and robust enough to withstand the
condition of the bake out of the D-T generator. Bulk scintillators are used and therefore
have a high efficiency for these x-rays. It may be possible to produce scintillators that
are thin enough to still be effective alpha detectors while not being nearly as efficient
at detecting the x-rays. Below is the current work being done to produce thinner
scintillators by three different methods, diffusion, additively manufactured ceramics
and deposition, as well as development of a system to characterize the scintillators.
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3.2.1 Material and Characterization Designs
In previous work done by Moore et el [12] it was shown that thermal treatment could
be used to drive cerium into yttrium aluminum perovskite (YAP) within a few hours.
YAP was chosen as it is the current material used in several DT generator designs. Using
the data from this paper proper annealing estimates were calculated (approximately 80
hours) to produce cerium layers that are the desired thickness, of about 10 microns thick
for YAP. This part of the project’s goal is to produce detectors using this information,
by using longer anneal times. Gadolinium Gallium Aluminum Garnet(GGAG) was also
investigated in order to produce a similar detector. Although GGAG is not as fast as
YAP, it can be a more stable phase. Initial experimentation with GGAG showed that the
complexity of gallium volitilization, which occurs during the long heating required to
produce diffusion, placed the work outside the scope of this dissertations.The RBS data
and fit used for deriving the diffusion constants for YAP are shown in 3.2
Other methods for creating thin scintillators were also be investigated. One area
of specific focus was spin coating using polymeric steric entrapment (PSE) precusor
material. This process has been shown to be highly reliable at producing even very
complex oxide structure from thermal decomposition of nitrate solution. This process
is used to produce GGAG thin activated layers. GGAG was chosen due to its reasonably
fast decay time and its cubic structure. The hope is that the cubic structure prevents
any polygranular structures from causing excessive scattering. An additive manufacture
samples was also produced. YAG was chosen as the material for this scintillator due
to easy access to the the undoped nanopowder but in the future other cubic materials
could be investigated for this method.
In order to characterize these samples a system was required that could simulate
the environment that they will be present within the DT generator during operation.
This work is heavily based on the work done by Cates[13]. Using the work done in
his dissertation, I have improved and altered the system for better understanding. An
example of the previous design is shown in figure 3.3. This includes several significant
64

Figure 3.2: RBS spectrum for cerium diffused into YAP and measured using 2 MeV alpha
particles and then fit using SIMNRA.[12]
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Figure 3.3: The experimental set up used by Cates in order to investigate timing resolution of experimental alpha transducer showing both the readout for characterizing a
reference detector (a) and for characterizing the scintillator(b).[13]

66

changes. The first of which is the use of silicon photomultipliers as readout devices
opposed to photomultiplier tubes. This required the development of readout electronics
in order to optimize the timing performance. In addition, all experiments are performed
in a low pressure environment in order to reduce the amount of energy loss from the
alphas before interaction with the experimental scintillator.

3.2.2 Circuit Design
In order to optimize the electronics in our timing measurement set up, a printed circuit
board was designed and readout electronics for the SiPMs were assembled. This allowed
us the most flexible system in order to accommodate the necessary geometry while also
allowing us to make modifications of the electronics easier if deemed necessary. This
includes optimizing components and testing different amplifiers as well as modifying
their implementation. This also allows us to design a board there will be usable with
multiple SiPMs. This flexibility should be able to significantly improve our ability to
optimize the system towards future implementation.
The circuit design used was based on work by Gundacker et al.[14]. In this work they
were able to show the single photon timing resolution to be low for these electronics
paired with the same NUV-HD SiPM that were used. The diagram of this circuit shown
in figure 3.4 and is capable of reading the SiPM in a way that is optimized for both time
or energy. This may be done simultaneously or individually.
The design of the final circuit took three iteration before it was printed. All three
versions are shown in figure 3.5 with the first design shown in figure 3.5a and the newest
shown in figure 3.5c. The final board allows for the connection of a SiPM using a two
prong connector. In the future this will allow easy implementation of new SiPMs simply
by designing a suitable board for only the SiPM which can then be plugged in to the
readout board. This will make comparing the results between several SiPMs fairly easy.
The board designed for our current SiPM can be seen in figure 3.7. One significant
variation in our design versus theirs is the removal of the second op amp in versions after
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Figure 3.4: An example diagram of SiPM dual read out electronics taken from [14]. This
design allows for either energy optimized or time optimized readout of the SiPM.
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(a) This first draft of the circuit still included
two amplifiers on the timing side but included no power for the board. This design
has a significant amount of curvature in
the traces that is corrected in the later
designs in order to reduce reflections in
high frequency signal.

(b) The next design added power and
straightened some of the important traces
to reduce an reflection of signal during
measurements.

(c) This Final design seperated the board
into two dc decoupled sides. The BNC
connection were also changed to SMA.

Figure 3.5: Three different designs of the PCB that were used for SiPM readout created
as more was learned about designing PCBs.
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Figure 3.6: An image of the completed readout board using the BGA616 amplifier
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Figure 3.7: PCB used to attach our SiPM to the two prong connector
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the initial design. This was done to improve stability of the system. It is also possible to
add another amplifier to the chain after these electronics if more gain is needed. The
initial amplifier is kept to add gain to the signal before additional noise is added during
transmission.

3.2.3 Photodetector Selection
To measure the light produced by our scintillators, we used the NUV-HD SiPM which has
been shown to have excellent timing characteristics [66] and a better photoefficiency
when compared to a PMT. A comparison of the efficiency of the SiPM to a PMT is shown
in 3.8. This SiPM was read out by custom electronics based on the design shown in
[14]. Our final PCB design can be seen in figure 3.9. The amplifier on the timing side
of the readout does not list a model because the performance of two different models
as shown later and compared. The BGA-616 which was used in the original design and
the RAM-8+ which show improved gain. The scintillators, electronics and source were
all held in place during the experiment by 3D printed parts. This allowed for the setup
to be reassembled in multiple configurations. This gave us the ability to measure two
plastics simultaneously in order to characterize the intrinsic timing performance of the
setup, and then reconfigure the setup for measurement of the inorganic scintillators.
Alpha particles from an Am-241 source that passed through both plastic detectors in
coincidence were used to find the coincidence timing resolution.
I was able to adjust the shaping applied to our pulses by modifying filters produced
by the components used in the board. One instance of this was the capacitor to ground
on the power chain for the timing amplifier. While doing testing outside of the vacuum
chamber it was found that there is a sinusoidal background in the lab with a frequency
near 750 Mhz. This capacitor to ground was tuned to filter out this background. The
best capacitor value was found experimentally to be 10 pf. A comparison of the pulses
obtained with and without this high pass filter are shown in figure 3.10. Data was taken
with and without this filter and a slight improvement was seen with the filter. Within
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Figure 3.8: A comparison of the wavelength dependent photo efficiency of a
PMT(H12690-300) vs our SiPM
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Figure 3.9: Circuit diagram for readout electronics used for fast timing measurements
along with simultaneous energy readout
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Figure 3.10: This image compares the resultant pulses from a board with the high pass
filter (pink) and without the high pass filter (yellow)
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(a) 10pf Capacitor

(b) 100pf Capacitor

(c) 10nf Capacitor

Figure 3.11: A comparison of the pulse shape obtained with different values of blocking
capacitors
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the vacuum chamber, the chamber itself acted as a Faraday cage so this component
was removed. The value of blocking capacitors for the amplifier on the timing side
is also quite significant. These capacitors shape the pulse due to the 50 ohm resistor
used for termination on the oscilloscope. This means that by increasing the value of this
capacitor one can maintain a higher gain but, if the value is decrease the pulses will have
less undershoot.
Lower limits for timing values were calculated for both the plastic start detector
and each of the inorganic scintillators. Using Detect 2000 [74] simulated photon arrival
times were produced. This simulation included the geometry of the sample as well as
silicone grease. This model also included a emission corrected photo-efficiency for each
material. The output was then parsed using Python. During this parsing the single
photon timing resolution of 112 ps [66] for the SiPM was used to apply a Gaussian time
spread. After this gaussian smearing was applied the data was sorted and saved. These
times were then used to calculate the Cramer-Rao Lower Bounds (CRLB) as well as the
standard deviation of the the nt h photons arrival time for each of the scintilltors.
It is also important that these scintillators are able to reject x-rays. This is done in
two ways. First, energy cuts can be applied to the data as long as there is separation
in the alpha peaks and the x-rays peaks. Secondly, the x-rays can be rejected as if the
detection efficiency is low within the activated scintillation area. X-Ray rejection was
determined through comparison to a YAP doped with 1% cerium. All samples used for
this measurement were 1 mm thick. A 1 µC Co-57 source was placed at 2.5 cm away and
measured for 600s. Co-57 was used due to its low energy gamma rays which occur in the
range of the x-rays produced by the D-T generator

3.2.4 System Design
Along with designing and selecting the components, the entire system had to be
designed in a way that the parts would fit together in a usable manner. A straightforward
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way to do this, along with allowing for easy modification in the future, is the use of
3D printed parts and holders. In order to do this, parts needed to be designed for
holding the source, holding the PCB’s, and for suspending the entire system in a vacuum
chamber. This was done using autocad. The files are shown combined in an example
setup in 3.12. These files can then be used to produce STL files for printing.

3.2.5 Alpha and Diffusion Modeling
An important piece of the puzzle is understanding the alpha particles and how they
will stop in our scintillators. SRIM [75] was an important tool for understanding this
interaction. It was used to generate stopping power data for alphas with energies
corresponding to americium, polonium, and D-T generation down to 10 keV. These
tables were calculated for YAP, PVA, and air, each corresponding to the different parts
of our system. This data was then used by a python script to determine energy of alphas
as they passed through different materials.
The first example of this is shown in figure 3.13. First the data for the Bragg peak
was found using a table from SRIM. An alpha was then modeled by stepping it through
the YAP a small distance at a time. By tracking the energy and position of the particle I
was able to produce the plot on the right. Changes in energy per unit distance are easily
found as the slope of this plot.

It is also important to understand the energy deposition in the plastic scintillators
that were used to produce the start signal for our timing measurement. In order to
determine an inherent timing resolution for the system, measurements were performed
using two identical detector chains. Timing resolution was then measured using alpha
particles from an americium source. This allows us to divide the measured timing
p
resolution by the 2. In order to be able to use this simple method of calculation, it
must be assume that the energy deposited in the two plastics is identical but, due to the
Bragg peak associated with heavy charged particles such as alpha’s, the energy deposited
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Figure 3.12: This CAD drawing shows the components assembled in the configuration
that was used for initial testing of small sample scintillators in order to measure timing
resolution.The labeled portions are as followes: A.) Path of the alpha through the plastic
detector and into the scintillator being tested B.) Source holder C.) Plastics scintillator
which produces the start signal D.) Oxide scintillator that is being tested E.) Printed
circuit boards for fast timing and energy readout of the SiPMs
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Figure 3.13: The plot on the left shows the Bragg peak calculated using SRIM in YAP. The
right plot show the energy of an alpha at a given distance into the YAP. The values shown
are the amount of energy deposited in each two micron division of the YAP.
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Figure 3.14: A plot showing the difference in energy deposited in two of the plastic
scintillators in a vacuum. The alpha has the same initial energy as an americium 241
source.
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Figure 3.15: A plot showing the difference in energy deposited in two of the plastic
scintillators in a vacuum. The alpha has the same initial energy as an polonium 240
source.
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will vary with the amount of attenuation that has already occurred. This phenomenon is
shown with two different sources in figure 3.14 and figure 3.15. In these plots, the alpha
travels through 20 µm of vacuum, then 20 µm of PVT, then 20 µm of vacuum again before
stopping in a second 20 µm of PVT. Using a pythons script, it was then determined the
amount of air needed between the source and the detectors in order to deposit the same
amount of energy from the alpha particle in each plastic scintillator. The values turn out
to be very close to a geometry where the light guides from both plastics are touching and
source is as close as possible to the out side of one light guide. The energy deposition
curve as well as the amount of energy deposited are shown in 3.16.

3.2.6 Plastic Scintillator Design
The standard practice of measuring a materials timing resolution using the Na-22
would not be viable for these detectors due to their low gamma efficiency. In order to
characterize these materials, a characterization system was developed to measure the
alpha timing resolution using alpha particles reduced in energy to 3.5 MeV, or that found
in D-T fusion.
Plastic scintillators are used to produce the start signal for the timing measurement.
These components were designed using EJ-214 and produced and assembled by Eljen
based on CAD designs produced at UTK. It is an extremely fast scintillator with a decay
time of 2 ns and is also produced in thin films as thin as 20 µm. There are currently
have two different designs in order to compare their performance. The first is shown
in figure 3.17. It was designed as the simplest possible solution. All edges are either
perpendicular or parallel to the readout SiPM and it will only be readout on one side.
The hope is to loose as little light as possible by not focusing the light but instead
starting with a light source smaller than the SiPM. It may be possible to have this piece
modified for double sided readout. Based on TRIM models and confirmation with
alpha spectroscopy measurements, this results in a 3.4 MeV alpha particle after passing
through this scintillator. This scintillator was then placed between two light guides in
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Figure 3.16: Energy deposition shown for the geometry that led to a similar energy
deposition in both of the plastics using air as an attenuator
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Figure 3.17: Design drawing provided by Eljen for the single sided readout plastic part.
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Figure 3.18: A photo of the part containing the plastic scintillator used to produce the
start signal in our timing resolution measurement setup.
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order to make the component easier to handle. The completed start detector assembly
is shown at left in figure 3.18.
The second design starts with a larger center, meaning that it may allow for a
higher detection efficiency of the alpha particles due to the need to focus down to the
size of the SiPM. This part is shown in figure 3.19. In addition, this part is designed for
double sided read out, which may improve the light collection efficiency. This design
was drawn and ordered but never tested due to timing restriction. Although this design
may have potentially improved performance, the previous design was sufficiently fast
to determine the speed of the oxide scintillators it was intended to characterize. The
completed design for this start detectors is shown in figure 3.20

3.3 Material Synthesis
Each of the three scintillators produced for this work consist of a thin layer of activated
scintillator on top of an unactivated substrate of the same material. This is done by
relegating cerium, the dopant activator in each case, to the preferred active layer. Ideally,
this thin activated layer should be only as thick as is needed to completely stop the
associated alpha in order to minimize x-ray detection. The rationale for each method
is as follows: we can add cerium to a thin layer through diffusion, we can add a thin
lay of doped scintillator through the breaking down of nitrates, or we can use ceramic
methods to additively manufacture a part with both a doped region and an undoped
region.
Additionally, these designs should have the added benefit of better light collection.
This is due to a better refractive index matching between the undoped and doped
scintillator when compared to the types of junction required to couple a scintillator to a
regular vacuum window. This increase in light collection should also improve the timing
resolution of the scintillator.
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Figure 3.19: Design drawing provided by Eljen for the double sided readout plastic part.
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3.3.1 Cerium Diffusion
One method for producing a sufficiently thin detector is to disperse the dopant into only
the top layer of an undoped scintillator using diffusion. This was shown in previous work
done by Moore et. el. [12]. This should produce a thin layer of scintillator that is much
brighter than the bulk undoped scintilltor. The result is a scintillator that is much more
efficient at detecting alpha particles within the high light yield region. Due to the entire
part being essentially one material with minimal refractive index change, this should
result in better light collection than a thin scintillator coupled to a sapphire or quartz
window. Building on his work, our goal is to test the implementation of these detectors
as well as expanding its application from YAP to GGAG.
The first step of the process for continuing this work for YAP is determining the
dopant level at C 0 for the diffusion equation. This was not provided in the previous
work but if the old RBS data can be found it can be used to find a more accurate value
for C 0 . For now the value used was determined using SEM and EDXS data. In the future,
another method should be used in order to produce more accurate prediction of the
maximum value of the diffusion curve.
YAP samples with dementions of 5mm by 5 mm and cerium diffused into the surface
were first attached to glass plates in order to make them easier to cut. They were then
cut in half with a rotary saw with a diamond blade. The samples were removed from the
glass backing and sealed in an epoxy puck for polishing to ensure a smooth surface for
imaging. The SEM image with an overlay of cerium concentration measured by EDXS
is in figure 3.21. The measurement here only shows the relative intensity of the signal
from cerium across the surface of the sample. This and an absolute measurement were
repeated on three samples. The maximum concentration on the surface of the sample
was determined to be approximately 6 atom percent.
Samples were produced by first creating a solution from 10mg cerium III acetylacetonate hydrate dissolve in 20 mL of toluene. This mixture was stirred and heated to 80°C
until all solids had completely dissolved. Substrates of undoped YAP with dimensions
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Figure 3.20: A photo of the alternative part containing the plastic scintillator that could
be used to produce the start signal in our timing resolution measurement setup.
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Figure 3.21: Profile of cerium concentration in a cross section of a YAP sample taken by
EDXS
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Figure 3.22: The expected diffused profiles for cerium diffused into the surface of YAP at
a variety of temperatures for 280 hrs.
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Figure 3.23: The expected diffusion profile of cerium diffused into the surface of YAP for
a variety of times at 1500C.
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Figure 3.24: An image of the YAP scintillator after the diffusion process
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of 5mm by 5mm were purchased from CRYTUR. The substrates were then placed on a
hotplate at 80°C in order to preheat. Several drops of the cerium acetylacetone (ACAC)
solution were dropped with a pipette on to the surface of the substrate until it was
completely covered. This was then allowed to dry for 10 minutes at which point more
of the solution was added. This application process was repeated five times. In order
to defuse the cerium into the substrate the samples were heated to 1500C for 80 hours
under a flowing argon atmosphere. The samples were then exposed to an atmosphere
of 2% hydrogen and 98% nitrogen for 8 hours at 1500C to increase the ratio of Ce 3+ to
Ce 4+.
The second sample utilizing gadolinium gallium aluminum garnet was fabricated by
depositing a layer of a doped scintillator composition solution, rather than just a cerium
solution, on the top of an undoped scintillator in order to build up a thin active layer.
This has the benefit of being able to produce a more uniform concentration of dopant
but makes the production of thick enough layers of material more difficult.
Using this value along with the diffusion coefficient derived previously, the
diffusion profile of cerium in the YAP samples can be calculated. The distribution
is dependent on both temperature and time. In order to compare the two,separate
plots were made, each varying one of those variable. The plot comparing the effect of
changing temperatures can be seen in figure 3.22 and the plot comparing the effect of
changing anneal time can be seen in figure 3.23. An image of the sample after diffusion
can be seen in figure 3.24.

3.3.2 Spin Coating
In parallel to the diffusion process, a process was developed to deposit a doped layer
onto an undoped substrate. This job is particularly well suited for a sol-gel like process
and I based this process on the polymeric steric entrapment method. The first work for
this process focuses only on GGAG. This is because sol-gel techniques tend to produce
noncrystalline films. The garnet structure of the GGAG means that it is possible that
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Figure 3.25: The steps of producing GGAG using the steric entrapment method along
with images of each step.
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Figure 3.26: XRD of GGAG powder produced by the steric entrapment method
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(a) This sample was heated along with the
other samples during the crystallization
step but did not have any material spun
on to it. This was done to make sure
the features that were seen in the other
samples were not just surface effect due to
the baking process.

(b) This sample had the slurry material
made from suspended micro particles in
water spun on to it to form a film. The
material did not disperse evenly and a large
amount of material was gathered near the
edge.

(c) This sample shows the created with the
sol that consists of the nitrate solution with
PVA. The film seems to be detached from
the surface in many parts, likely due to the
volatility of the nitrate decomposition.

(d) This sample was created by spinning b
the sol with no PVA on to the substrates.
There does seem to be significant cracking
but the coverage and uniformity is much
better than any of the other samples.

Figure 3.27
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Table 3.1: Summary of composition of precursor powders used for crystal growth with
concentrations presented in mass percent
Material
Al (NO 3 )3
G a 3 (NO 3 ) − H2O
C e 3 (NO 3 ) − 6(H2O)
Gd 3 (NO 3 )
Pol y(vi n yl al cohol )

Purity
99%+
99.9%
99.99%
99.99%
N/A
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Source
ACROS Organics
Alfa Aesar
Millipore Sigma
Alfa Aesar
Alfa Aesar

a high density film will be a transparent ceramic. In YAP, this would not be possible
and would likely lead to scattering that would diminish light collection. The process for
making GGAG through polymeric steric entrapment is shown in figure 3.25. The entire
process shown takes about 2 days to complete, but only a few hours of active attention.
In order to ensure that the power produced was of the correct phase, XRD was
performed on the powder created through this process. The XRD and refinement are
shown below and prove that the material produced was single phase GGAG on the first
attempt. The XRD shown in figure 3.26 is for GGAG with 0.5% cerium and the process
used to produce this material was then repeated for the spin coating materials.There
were no secondary peaks and it was found that the phase was GGAG.
Material was taken from two different points in the synthesis process in order to
produce "gels" for spin coating. The first point was after the solution was formed using
the PVA, DI water, and nitrates. This produced a yellow solution that could be spun
directly on to the substrate. This solution is referred to as the sol in the images of the
films. This sol was created twice, once with PVA and once without. The second point
was after the last step. This powder was then added to water and sonicated to suspend
the material. After sonicating the material, it was spun on to a substrate. This is referred
to as the slurry in the images of the films. After spin coating, the samples were moved to
a furnace for calcining and crystallization. The films from several of these samples are
shown in figure 3.27. The control sample is just a substrate that was heated along with
the other samples for the last crystallization step. A closer look at the film created by the
sol without PVA is shown in figure 3.27d. It appears to show that the grain structure of
the film goes away as you move towards the center of the film.
The materials used to synthesize the sol are shown in Table 3.1. The nitrates where
mixed with water upon arrival to form 25 weight percent solutions. This was done in
order to prevent uncertainty in the molarity of the solution from hydration of the solute.
These solutions were then mixed in stoichiometric ratios in order to produce 20mL of
total solution. To this, 0 or 20 molar percent Poly(vinyl alcohol) was added. This solution
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was heated and stirred until completely dissolved. The substrate used was gadolinium
gallium aluminum nitrate purchased from C&A corporation. The dimensions were 1mm
by 5 mm by 5 mm. These substrates were attached to 1 inch silicon wafers with wax .
This allowed them to be more easily mounted on the spin coater. The spin coater used
was a WS-400B6NPP/LITE. The program used was 3000 rpm for 30 second and 5000
rpm for 60 seconds. The substrate was then dried at 70o C for 5 minutes on a hot plate.
Based on SEM images as seen in figure 3.28, it was determined that the samples without
PVA resulted in more uniform films. The rest of this process was only performed with
the solution with no PVA.This deposition process is then repeated 5 times. After the
deposition process a calcine was performed at 1500o C for 10 hrs. This entire process
was repeated 5 times to produce the thin film of doped GGAG.The final sample can be
seen in figure 3.29

3.3.3 Additive Manufacturing
The third sample type using Yttrium Aluminum Garnet was produced through an
additive manufacturing method described in [76]. This method allows for a thin layer
of doped ink to be printed on top of an undoped green body. This composite structure
is then sintered and compressed in a hot isostatic press to form a transparent ceramic.
Transparent ceramics take advantage of the isotropic light transport properties of cubic
materials. This method has the advantage of being the most developed of the three
methods despite having more steps to reach the final product.
To create the undoped substrate, YAG nanopowder (Nanocerox Inc.) was uniaxially
pressed to 3000 psi in a 1.25-inch diameter graphite die-set. On one side of the pressed
powder substrate, a water-based Ce3+ solution was deposited in a thin uniform layer
using an ink jet printer [77]. The composite disk was isostatically pressed at 30,000
psi, heat treated to 1000°C in air to burn out organics, vacuum sintered at 1550°C, and
finally hot isostatically pressed at 1850°C and 29,000 psi argon pressure to create a fully
101

(a) This sample shows the created with the
sol that consists of the nitrate solution with
PVA. The film seems to be detached from
the surface in many parts, likely due to the
volatility of the nitrate decomposition.

(b) This sample was created by spinning b
the sol with no PVA on to the substrates.
There does seem to be significant cracking
but the coverage and uniformity is much
better than any of the other samples.

Figure 3.28: Comparison of different deposition techniques
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Figure 3.29: An image of the GGAG sample after the final calcining step
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Figure 3.30: An image of the YAG sample after the final calcining step
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Figure 3.31: An image of the YAG sample after being cut down to the same size as the
other samples
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dense optically transparent ceramic composite. Absorption of the ink into the porous
substrate, as well as ionic diffusion during high temperature resulted in approximately
a 200 µm thick Ce:YAG active scintillator region. An image of this sample is presented in
figure AMSampleImage1 and then after being cut in figure 3.31

3.4 Results
3.4.1 Results and Discussion
Alpha spectroscopy measurements were taken to confirm the thickness of the EJ-214
plastics. It was found that the energy of the alpha particles from Americium 241 after
transmission was 3.32 MeV which corresponds to a thickness of 20.6 microns. According
to the equation:
σt ∝ p

1
N pe

this energy difference will only result in a change of timing resolution around 3 percent.
Therefore, the values reported are not corrected for the difference energy deposited in
the plastics and that deposited in the oxide materials.
From our DETECT 2000 models, simulated outputs for both our plastic start scintillator as well as the scintillators that were tested were produced. First, in figure 3.32,
an example simulated pulse is shown . In blue is shown only the histogram of the exact
times at which each photon arrived at the SiPM and was detected. The black line shows
this same pulse after being convolved with an average single photoelectron (SPE) pulse.
To perform this convolution a cross talk probability was recursively applied as a gain to
an average single photoelectron pulse measured from the SiPM. This allow the for the
units for the convolution to be presented on the right hand side in millivolts.
From these simulated pulses, it was possible to calculate both the Cramer-Rao
lower bounds for the first n photons and the expected standard deviation of the arrival
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Figure 3.32: A plot of the simulated pulse produced by the EJ-214 plastic with a
histogram of the photon arrivals in blue with the plot of the simulated pulse in black
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time of the nt h photon. A plot showing this data for the plastic scintillator can be seen
in figure 3.33. The nt h photon begins to show us the type of shape to the curve seen in
the experiments. An example of an experimental curve can be seen in 3.34. This worked
as a first estimate of optimal expected performance but was further improved by the
convolution of the single photon response of the SiPM described above. Even before
implementation of the convolution, these plots are useful in guiding and checking
our understanding of measurements and what further improvement could be expected
through optimization of our methods.
Pulses for each of the fabricated scintillators have also been presented. A pulse

Figure 3.33: The Cramer-Rao Lower Bounds of the first n photon are shown for plastic
reference detector incorporating the geometry and emission properties along with the
standard deviation in the arrival time of the nth photon based on the simulations created
using Detect 2000
from each of the scintillator simulations can be seen in figure 3.35. We can see that
the slow component of the YAG pulse makes it much slower than that of the other two
scintillators. The difference in the appearance of the black convolution curves is due
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Figure 3.34: A curve showing the coincident timing sigma vs threshold taken with the
EJ-214 plastic scintillator parts
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(a) Simulated pulse generated for YAG with
a histogram of the photon arrivals in blue
with the plot of the simulated pulse in black

(b) Simulated pulse generated for YAP with
a histogram of the photon arrivals in blue
with the plot of the simulated pulse in black

(c) Simulated pulse generated for GGAG
with a histogram of the photon arrivals in
blue with the plot of the simulated pulse in
black

Figure 3.35: Simulated pulses for each of the scintillators used in this study using Detect
2000
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(a) CRLB and standard deviation for YAG

(b) CRLB and standard deviation for YAP

(c) CRLB and standard deviation for GGAG

Figure 3.36: The Cramer-Rao Lower Bounds of the first n photon are shown for each of
the samples based on their geometry and emission properties along with the standard
deviation in the arrival time of the nth photon based on the simulations created using
Detect 2000
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to the difference in scale. This is because the shape does less to shape in the long YAG
pulse when compared to YAP and GGAG.
Just as with the plastic scintillator, it was possible to use the simulated pulses in
order to produce estimates of the CRLB and nt h photon standard deviation. The slower
time constants for the YAG sample result in the poorest expected timing resolution for
the YAG sample. The YAP and GGAG samples show very similar performance. This
seems to suggest that the additional light yield of GAGG is enough to compensate for
its slower timing constants. Summarized results for both the plastic and the oxide
scintillators can be found in Table 3.2.
The timing results for the plastic start detectors are shown in figure 3.37 for both
amplifiers from 30V to 40V of bias. Above 40V the dark count rate and intensity became
large enough that triggering on the correct pulses became difficult. This increase in
dark counts with voltage is likely the increase in gain results in an optimal voltage.
Implementing the Ram-8+ amplifier produced an average gain increase of 2.4 across all
voltages. It was found that the best timing resolution was achieved at 38 volts with the
RAM 8+ amplifier with a standard deviation of 72.8 ps. This voltage was used to perform
all other measurements reported.
Timing results for each of the novel scintillator designs can be found in table
3.2 along with other scintillation properties. These results were obtained using the
americium source within the vacuum chamber. Each sample was coupled to the SiPM
with silicone grease to ensure good optical coupling. The samples were then secured
with hot glues to ensure they did not move during the measurment. No reflective
material was used to improve light collection to preserve that alpha energy. This could
be improved by the addition of a thin layer of reflective metal like those used in D-T
generators. It is expected that this would result in a significant increase in the amount
of light collected. With further improvement and validation the described model could
be used to estimate the magnitude of this improvement. Samples produced using the
cerium diffusion method also had cracks which likely further reduced light collection
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Figure 3.37: A plot showing the the single detector standard deviation of the plastic
detectors using an americium-241 source for both the BGA-616 and the RAM 8+
amplifiers
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Cerium Diffusion
Additive Manufacturing
Thin Film Deposition

Sample

CRLB
For Bulk
Crystals (ps)
87.30
409.1
132.5
444.0
314.9
441.8

CRLB (ps)

Model
Timing
Estimate (ps)
513.6
377.4
500.6

YAP
YAG
GGAG

Material

Timing
Resolution
FWHM (ps)
615.9
343.4
607.0

Alpha Light
Yield
(photons)
1,040
24,700
3,140

Table 3.2: Summary of composition of precursor powders used for crystal growth with concentrations presented in mass
percent

Figure 3.38: A comparison of Am-241 to Co-57 gamma spectra for the sol gel sample
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Figure 3.39: A comparison of Am-241 to Co-57 gamma spectra for the diffusion sample
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Figure 3.40: A comparison of Am-241 to Co-57 gamma spectra for the additively
manufactured sample
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Figure 3.41: A comparison of Am-241 to Co-57 gamma spectra for the control sample
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efficiency. The best performing sample by far was the additively manufactured YAG
sample. This agrees with the much higher light yield of this sample. The other two
samples showed a light yield which was much lower than that expected by bulk crystals
of the same samples. One possible explanation for the low light yield in the other two
scintillators is only a portion of the energy from the alpha is being deposited in the
radiation sensitive region of the scintillator. For the diffusion sample this could be due
to higher order effects on diffusion due to the long baking time. This would be the
result of depletion of the cerium layer or transformation of the substrate due to cerium
concentration or heating. The sol-gel method may either have too thin of an active
volume due to too few deposition. Another explanation could be depletion of gallium in
the surface resulting in an non-scintillating region above the activated region.
The results of our gamma ray rejection measurements are shown in figures 3.38 to
3.41. Each of the samples saw a reduced count rate for the cobalt-57 source when
compared to the YAP control sample as well as separation between the gamma peaks
and the alpha peak. The diffusion sample, sol-gel sample, and additive manufactured
samples each saw a reduction in the number of gamma rays in the Co-57 photopeak of
82.8%, 83.7%, and 99.3% respectively. The best performing sample was the additively
manufactured YAG sample. It shows a higher light yield than either of the other samples
well as very little sensitivity to the cobalt-57 source. The thin film deposition sample
shows tailing of the alpha peak. This suggests that there may be an unactivated layer
resulting in energy deposition of the alpha before it reaches the activated region of the
scintillator. This could be explained by gallium volatility resulting in a gallium deficient
layer that is not luminescent. Furthermore, both the diffusion sample as well as the
thin film samples show light yields significantly below that of what is expected for bulk
crystals. This may be do it to improper thickness of the activated layers. In order to
confirm these hypotheses a method must be developed to determine thickness of the
activated layers.
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Chapter 4
Conclusions & Future Work
4.1 Conclusions
In both chapter 2 and 3, methods for improving scintillators with a focus on particular
applications were investigated. Chapter 2 focused on understanding and improving
cesium hafnium chloride crystals for use in hand held isotopic identification detectors.
Chapter 3 focused on alpha detectors for use in associated particle imagers.
In summary of Chapter 2, five separate procedures for producing CHC crystal
were investigated by varying growth procedure and synthesis methods.This allowed for
further optimization of its growth and scintillation properties. Pre-synthesized CHC
powder with subsequent hydrochlorination resulted in fewer CsCl inclusions and higher
light yield. A similar result was seen from increasing the thermal gradients at the
crystallization region. It was also shown the presence of CsCl inclusions correlated
to light yield and energy resolution.This is because the inclusions produce optical
scattering, thereby degrading light collection. Our best crystal growth result is for a
crystal grown in a thermal gradient of 34°C per inch with a translation rate of 0.5 mm
per hour and a diameter of 22 mm with an energy resolution of 4.0%. This crystal had a
light yield of 36,000±506 photons/MeV.
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In chapter 3, three different methods for producing scintillators using alpha detectors are shown. These methods were diffusion, sol gel deposition, and additive
manufacturing. In order to characterize these materials, a characterization method
was produced for measuring alpha timing resolution for alpha particles of 3.5 MeV.
The characterization setup was shown to have an intrinsic timing resolution of 171.1
ps FWHM. Working scintillators were produce by all three proposed methods. The
energy resolution of each was 615.6, 321.4, and 607.0 ps FWHM for diffusion, additive
manufacturing, and thin film deposition, respectively. We also found that this method
reduced the number of low energy gamma detections in the photopeak of Co-57 for each
of the samples we created. The most significant improvement was seen in the GGAG
additive manufactured sample which resulted in very few counts in the range of the
expected photopeak.

4.2 Future Work
In the study of cesium hafnium chloride , the binary salts purchased were relatively
low purity. In the future, a study of the impact of material purity on scintillation
properties is important. Even low levels of impurities have been shown to result in
significant changes in scintillator performance. As part of this study, filtration of the
hydrochloronated material would be useful. The reaction chains of organic impurities
will all likely result in higher melting point oxides or gases resulting in off stoichiometry
mixtures. Further filtration may allow for a better feed stock for the crystal, especially
if the ampoule is not opened again before growth. Along with this attempt to further
improve gamma detection properties, investigation into neutron detection capability
due to the presence of chlorine is also of interest. This work has already begun, but
due to the variation in crystal quality between publications, a study similar to the one
presented but focused on neutron detection should be a part of the future research plan.
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There are several reasonable paths forward for further improving the alpha detectors
described in Chapter 3. The simplest modification that could be added to improve
performance is the addition of a thin layer of metal to the scintillator before measurement. This thin layer will work as a reflector to increase light collection efficiency of
the scintillator, while only removing minimal energy from the alpha to be detected.
This thin layer of metal is already implemented within DT generators in order to reduce
the background caused by heavy charged particles by conducting the signal away from
the scintillator. In future work for the alpha detectors, should focus on development
of the additive manufactured sample as it showed the best performance. It also has
several possible methods of improving its performance that may be investigated. First,
since the material must be cubic, the GGAG seems like a reasonable option as the
next material to investigate instead of YAG as shown in this study. It has significantly
lower rise and decay times which should result in improved timing capabilities, as
illustrated by the models shown in Chapter 3. Investigation in to altering trap states,
within each scintillator material, would also likely improve timing. This could be done
either through thermal treatment in controlled atmospheres or codoping. Both would
decrease the contribution of the long decay component of the YAG. This is due to the
long decay component of these materials cause by deep luminescent traps. The sol gel
method described would benefit most from work developing a more uniform layer. This
will include optimizing the gel by finding a way to increase viscosity while still forming
a uniform layer. Optimization of calcine time and temperature should also be studied
as well as, the number of steps to form a layer of proper thickness. For the diffusion
process a cerium concentration for long diffusion times should be measured to ensure
the cerium is diffusing to a proper depth. This should be followed by an optimization of
diffusion time for these longer processes.
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